The growth and the electronic properties of sexithiophene thin films on silicon surfaces have been studied by angle resolved ultraviolet photoelectron spectroscopy while morphology and crystalline order have been assessed by atomic force microscopy and x-ray diffraction. The influence of the surface modification of the substrate as well as of the growth temperature and the growth rate were investigated in ultrahigh vacuum through controlled multistep growth sequences ranging from (sub)monolayer coverage up to thick films. Depending on the preparation, two electronically distinct sexithiophene ͑6T͒ films could be produced, as revealed by their ionization potentials which differed by ϳ0.7 eV. The evolution of the electronic energy levels with film thickness is considered in terms of the concepts of interface dipole and band bending, with the latter being argued to be inappropriate. Irrespective of substrate or growth conditions the thick 6T films were found to all have the same work function of ϳ0.4 eV, which is related to near vertically oriented molecules on the films surface. Against general expectations 6T grown at a low rate on the reactive Si͑111͒ substrate and those grown at high rates on the oxide surface produces films that are more uniform and crystalline than those grown at low rates on the passive oxidized Si surfaces. The latter promotes the formation of small three-dimensional crystallites and a much poorer morphology for planar devices.
I. INTRODUCTION
Amongst the organic semiconductor materials, the properties of oligothiophenes make them particularly attractive for the fabrication of organic devices such as field-effect transistors [1] [2] [3] and solar cells. 4 The continuous improvements in carrier mobility of substituted oligothiophenes 5 maintain the interest in this family of conjugated materials. Large area applications based on a planar technology require well defined and reproducible thin films. Here, the substrate is important as it controls the interfacial arrangement of molecules and acts as a template for growth. Thus, the packing and orientation of molecules, mediated through the substrate surface modifications and processing conditions, determine the geometric, electronic, and optical structure of the thin films. 1, [6] [7] [8] [9] [10] Also the transport properties of devices are dependent on both the molecular orientation and film morphology. 1, 3 Therefore, a detailed understanding of the organic film growth mechanism and interfacial electronic structure is necessary to realize the full potential of organic devices.
Sexithiophene ͑6T͒, a linear unsubstituted -conjugated oligomer used as the active layer of one of the first fieldeffect transistors, in combination with silicon, the technologically established device material, is attractive for exploring the field of hybrid electronics. In spite of the domination of Si in the inorganic semiconductor industry, the majority of research into organic films has concentrated on investigations of the organic/metal rather than on organic/silicon interfaces. Since clean silicon surfaces are highly reactive, aromatic molecules often adsorb on them dissociatively. The interaction can be reduced through passivation of the silicon surface, for instance, by the adsorption of oxygen atoms or a buffer interlayer between the film and the substrate to promote ordered growth. 11 Investigations of the interface with the oxide are also interesting per se because of the important role of SiO 2 as a dielectric in devices. Generally, investigations on organic films are either concentrated on the interface electronic structure at low coverages or directed towards the properties of thick films, while moderate coverages are rarely explored. In this work, the growth of the sexithiophene on various silicon surfaces from (sub)monolayer coverages up to thick films has been followed by valence band photoemission and work function measurements. This yields the evolution of the electronic energy levels as a function of film thickness and the basis for the discussion of band bending. The photoemission results reflect the growth mode and molecular orientation at the interface while atomic force microscopy (AFM) and x-ray diffraction (XRD) yielded the morphology, crystallinity, and molecular orientation for thick films.
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II. EXPERIMENT
The film growth and characterization were performed in a UHV VG-ADES 400 angle resolving ultraviolet photoemission spectrometer (ARUPS) with a base pressure better than 10 −10 mbar, using an unpolarized He discharge lamp. Work function measurements were made using the secondary electron emission cutoff measured in normal emission with the sample biased at −9 V. This approach gives a direct evaluation of the work function as the electron energies measured are referenced to the Fermi level of the electron analyzer, which is aligned with the Fermi energy of the sample in thermodynamic equilibrium. The spectrometer was also equipped with facilities for low energy electron diffraction (LEED) and Auger electron spectroscopy. The samples could be cooled down to liquid nitrogen temperature and heated up to 1100°C.
The substrates were phosphorus-doped Si͑111͒ single crystal wafers with a resistivity of 4 -6 ⍀ cm, i.e., a freecarrier concentration of about 10 15 cm −3 . Three different modifications of the surface were employed: (i) a native silicon oxide overlayer, (ii) an in situ grown silicon oxide, and (iii) the ͑7 ϫ 7͒ reconstruction of clean Si͑111͒. The native oxide represents the as-purchased silicon substrate, i.e., covered with an oxide prepared by wet chemical methods to passivate the Si surface, while the in situ grown oxide (referred to as the "UHV oxide" for the rest of the text) was prepared by oxidation of the clean Si surface in 2 ϫ 10 −5 Torr of O 2 at 750°C for 20 sec. This procedure results in a 5 -Å-thick oxide layer, 12 which is thinner by a factor of 3-4 compared to the native oxide. The clean Si͑111͒-7 ϫ 7 surface was obtained by argon ion bombardment and annealing cycles ͑1000°C͒ followed by slow quenching.
Typical Auger spectra of the three substrates used in this study are compared in Fig. 1(a) . The Si͑111͒-7 ϫ 7 reconstructed surface is free of oxygen and carbon. The intensity of the Si LVV feature at E ϳ 90 eV, associated with the clean bulk silicon, reflects the oxide thickness as does the intensity of the O KLL transition at E ϳ 500 eV. The ultraviolet photoemisson spectra (UPS) of the two oxide surfaces, Fig. 1(b) , reveal two dominant peaks in the valence band associated with emission from the oxygen 2p states. The peaks at lower and higher binding energies (BE) correspond to nonbonding and bonding O 2p character, respectively. Apart from the thickness related intensity effect, the different splitting between the bonding and nonbonding states of the two oxides reflects differences in the interfacial stoichiometry.
Sexithiophene (Syncom, B.V.) was deposited in situ from a thoroughly outgassed specially designed evaporator such that the pressure in the system remained in the 10 −10 mbar range during film growth. Three different growth temperatures were employed in this study: liquid nitrogen temperature (LNT), room temperature (RT), and an elevated temperature (ET) of 120°C. The 6T exposures were monitored by a water cooled quartz microbalance and are given in terms of thickness obtained using the 6T density of 1.5 g / cm 3 . 13, 14 It is worth noting that the 6T nominal thickness of ϳ4 Å and ϳ26 Å would correspond to a complete monolayer (ML) formed by molecules lying parallel and perpendicular to the substrate, respectively. The typical 6T growth rate was 1.3-2.6 Å / min, except for the study on film growth at high deposition rate, where a rate of 60-160 Å / min was employed.
The morphology and structure of the in situ grown and characterized films were analyzed ex situ by AFM and XRD. AFM investigations were performed with a Digital Instruments Multimode IIIa microscope in tapping mode using advanced AFM tips for high resolution imaging. XRD data were collected on a Siemens D501diffractometer by using /2 scanning with Cu K ␣ radiation and a flat graphite secondary monochromator.
III. RESULTS
A. In situ characterization of electronic properties
Sexithiophene growth on oxidized silicon
In Fig. 2 , a photoemission characterization of the native (a) and UHV oxide (b) taken at LNT during successive depositions of 6T at LNT is shown. The spectra for both oxides behave similarly: the molecular band (in particular, the peak associated with the six near degenerate nonbonding or- bitals at ϳ4 eV) emerges already at the lowest 6T coverage of ϳ2 Å and evolves gradually with the 6T thickness. The intensity of the O 2p substrate features decreases rapidly with exposure and they are fully replaced by the bulk shape 6T spectrum 15 at the nominal thickness of about 50 Å. Such intensity behavior suggests that the growth proceeds in a near layer-by-layer fashion as expected with the low molecular mobility at low temperatures. We have not observed any angular effects in the ARUPS spectra suggesting no preferential orientation of 6T molecules.
The insets in Fig. 2 illustrate the work function behavior versus 6T thickness. It is worth noting that significant temperature dependent Fermi level shifts occur in inorganic semiconductors. For example, the Fermi level of silicon with free-carrier concentration of about 10 15 cm −3 shifts towards the conduction band by about 0.25 V between RT and LNT. 16 Such Fermi level shift corresponds to the work function decrease we have observed upon cooling as indicated in the figure. On increasing 6T exposure on the native oxide no change is observed, whereas there is a significant drop with 6T thickness for the UHV oxide. Here, the dependence can be divided into three regions; an initial drop by ϳ0.5 eV for the coverage up to about 12 Å, a plateau for higher thickness up to 50 Å, and a further decrease of ϳ0.4 eV observed for the thick layer. The abrupt change at low coverages is associated with an interface dipole formation and the higher interface dipole for the 6T / UHV oxide compared to the 6T / native oxide interface suggests a stronger interaction between molecules and the thin UHV oxide. The arrows indicate the work function trends of particular films after warming up to RT. Figure 2 also includes the spectra of the thick films after warming up to RT. On both substrates the spectra return to a form similar to those at lower coverage with the reappearance of substrate emission features. Clearly this indicates that the films ball up into three-dimensional (3D) islands on warming to RT. In Figs. 3(a) and 3(b), the equivalent 6 T dosing series performed at RT is shown. In contrast to the growth at LNT the substrate spectra seem almost unaltered up to the 6T nominal thickness of ϳ20 Å and the substrate features are still visible at 40 Å. Indeed the spectrum of the 40-Å-thick film is approximately equivalent to the ϳ4-Å-thick film grown at LNT in terms of suppression of the substrate feature at BE ϳ11 eV. This indicates that no wetting layer of either lying or upright 6 T forms at RT and the 6T grows in form of islands. The islanding on the UHV oxide is also indicated by the much more gradual decrease in the work function with exposure than at LNT. This 3D growth is in clear contrast to AFM studies of quinquethiophene on SiO 2 , which was reported to grow by layer-by-layer fashion of upright molecules for the first couple of layers. 17 Exposure in the range of hundreds of angstroms eliminates the substrate signal completely presumably due to the coalescence of the islands. The valence band spectra of the thick films display a very high spectral resolution in comparison to both the lower coverage at RT and high coverages at LNT. In particular, the first three orbitals (HOMO, HOMO-1, HOMO-2, where HOMO means highest occupied molecular orbital) in the 1 -4 eV binding energy region are clearly discernable as are distinct emissions in the 9 -11 eV binding energy region. It is reasonable to suppose that an ordered film should manifest better-resolved spectra than a disordered one. At RT, the 6T is known to form crystalline films on nonreactive surfaces such as SiO 2 (Ref. 7) or silica 18 and this is presumably reflected in the well-defined valence band spectra of the thicker films. The poor spectral resolution at low exposure suggests poor ordering and its improvement with coverage would indicate that the geometrical structure of the film must vary with the thickness. No angular photoemission dependence was observed for thicker films but this need not necessarily imply a random orientation of molecules. In our previous study on sexiphenyl films grown on Al͑111͒ the molecules oriented near perpendicular to the substrate gave no angular effect despite being crystalline, as evidenced by LEED. 19, 20 Note that no long-range order was evidenced in LEED investigations here but, particularly given the amorphous nature of the oxidized substrate, this does not rule out some local order in the films. Growth at high deposition rate ͑60-160 Å / min͒ and elevated temperature ͑120°C͒ were also investigated with no discernable differences in the behavior to growth at low rates at RT.
Sexithiophene growth on Si"111… 7 Ã 7
In Fig. 4 , a typical UPS coverage series of the 6T films grown on the Si͑111͒-7 ϫ 7 surface at RT is shown for both normal emission and 50°take-off angle. The intensity evolution of the 6T-related features with thickness and the disappearance of the Si surface state near E F for only 4 Å exposure suggests that the film grows by layer-by-layer fashion with molecules oriented parallel with respect to the surface. Some angular effect in the ARUPS spectra is evident at low coverages but decreases with increasing thickness. This indicates that molecules have some preferential orientation at early stages of the growth. A significant drop of the work function ⌬ ϳ 0.5 eV with the 6T thickness (see inset) indicates a strong interface dipole formation. The results for growth at elevated temperature (not shown here) were essentially the same as at RT.
LEED provided no evidence for long-range order in the first few monolayers of 6T films grown on the clean Si surface at RT. The LEED pattern (not shown here) of the clean Si͑111͒-7 ϫ 7 reconstructed surface was reduced in intensity but still visible after deposition of 4 Å. This indicates that the periodicity of the 7 ϫ 7 reconstruction was not disturbed by the 6T monolayer and there is no evidence for any longrange ordered 6T structure. Increasing thickness of the 6T layer ͑7 Å͒ resulted in a further attenuation of the substrate LEED signal to such an extent that only the most intense 1 ϫ 1 reflections remained visible. This is not necessarily due to lifting of the 7 ϫ 7 reconstruction (it did not disappear at ϳ4 Å), but rather that the relatively weak 7 ϫ 7-related reflections were effectively suppressed by ϳ2 ML of 6T. Figure 5 displays the -band spectra of thin multilayer (ϳ50 Å, left panel) and thick films (ϳ200 Å, right panel) prepared under various conditions in greater detail. The band alignment, i.e., the binding energy of the HOMO with respect to E F , clearly varies over 1 eV depending on substrate and/or growth conditions. Whether thick or thin, the band of films grown at LNT (see a , A , b , B) appear less resolved than thick films grown at RT (see C -G) despite the fact that thermal broadening should be significantly less (25 versus 100 meV, respectively). Note that the spectra of the LNTgrown films do not improve in terms of their resolution after warming up to RT (see B). This suggests that the LNT-grown films are less ordered presumably due to the lower mobility restricting the molecules' ability to self-organize into crystallites. However, the difference in resolution can also result FIG. 4 . Photoemission spectra of 6T layers grown on Si͑111͒ 7 ϫ 7 at RT taken at normal emission (solid lines) and at take-off angle of 50°(dashed lines). The numbers near to a particular spectrum denote nominal 6T thickness. The inset shows the work function evolution with the 6T thickness, the straight dotted lines serve as a guideline only.
Band alignment
from a difference in the energy spread of the orbitals due to a change in the conjugation, as has been observed for sexiphenyl. 10 The band alignment of the thick films does not significantly depend on the substrate (compare C, D, and F) nor on the growth rate (compare C and E). It however depends significantly on the growth temperature (compare A and C, and F and G). The band alignment change of about 0.5 eV observed on the LNT-grown thick films after warming up to RT is presumably related with the temperature dependence of E F and/or the morphology discussed above. It is worth mentioning the very low band alignment of ϳ0.8 eV observed on the 6T films grown on the native oxide at elevated temperatures (curve G) which qualifies such a structure as an excellent hole injector. Figure 6 summarizes the work function data, which have been presented individually in the growth sequences of Figs. 2-4 , along with the ionization potential (IP) of the HOMO, i.e., the HOMO referred to vacuum (the sum of the film work function and band alignment). Note that the HOMO binding energy was measured at the peak maximum rather than its leading edge. First, we concentrate on the thickness dependence of measured on the UHV oxide at LNT [ Fig. 6(a), full circles] . abruptly drops by about 0.5 eV with the nominal 6T thickness up to 12 Å. Such a behavior seems reasonable, since the film should grow in a near layer-by-layer fashion at LNT and hence the interface formation is completed at coverage of about 2 -3 ML of lying down molecules. Since the interface dipole responsible for the work function change is commonly limited to the one to two interfacial layers, continuing 6T growth (up to about 50 Å) reveals a work function plateau. The thick 6T film ͑175 Å͒, however, shows an anomalous additional drop ⌬ ϳ 0.4 eV with a concomitant shift in the BE with respect to (wrt) E F [see Fig. 2(b) ], i.e., IPϳ const. To exclude a possible charging effect, the flux dependence of the UPS spectra has been examined. With the He I intensity modified to such an extent that the output signal changed by a factor of 4, no shift of molecular features were noticeable. Thus, the additional work function change is not an artifact of the experiment and is presumably related to the way how the surface of the thick molecular film is formed. As suggested below it is due to a change in the orientation of the molecules in going to the thick molecular film.
Work function and ionization potential
The thickness dependent behavior of observed on the UHV oxide suggests categorizing our films into (i) 1-2 ML range, (ii) a "thin multilayer" film, represented by the nominal thickness of about 50 Å in this study, and (iii) "thick" films with the thickness above about 100 Å. Adhering to our terminology, the work function changes abruptly in the monolayer range, saturates for thin multilayer films, and switches to a new value for thick films. For RT growth on the UHV oxides a much more gradual decrease with exposure than that for the growth at LNT is observed. Such a behavior indicates 3D growth at RT as higher nominal 6T thicknesses are required to cover the substrate surface thoroughly and thus complete the interface dipole. Interestingly, the work function of all thick films, irrespective of the substrate, reaches the same value of 3.9± 0.05 eV. It follows that the final film work function neither depends on the initial substrate work function nor on the interface dipole but it is related with the film thickness.
Clearly evident from the data in Fig. 6 is that there are two distinct ionization potentials for 6T depending on the growth temperature irrespective of coverage; for LNT growth IP= 5.7± 0.1 eV while for growth at RT and above IP= 5.0± 0.2 eV. The slow emergence of 6T-related features at the 3D growth combined with strong dominant oxygen valence levels of the oxide substrates did not allow to estimate HOMO positions at low exposures. In contrast, wellresolved bands observed on thick layers have provided reliable values. The ionization potential of such films is determined by molecular packing 21 and the degree of conjugation of the molecules, which is in turn determined by the torsional angle between the individual rings within the molecules. 10, 22 The two distinct IPs observed are thus suggested to arise from films with two distinct packing and/or 6T conformations.
B. Ex situ morphological and structural characterization
The AFM and XRD measurements were performed ex situ and the possibility that the samples could change during the sample transport from UHV into the ambient has to be considered. We have verified with UPS that the electronic properties of the thick films show no changes after an oxygen exposure of 50 000 L. Figure 7 compares the influence of the substrate and growth rate on the morphology of thick 6T films (i.e., with thicknesses of ജ200 Å) probed by AFM. All panels image an area of 1 ϫ 1 m 2 . We remind the reader that all films presented in Fig. 7 possess identical electronic properties, i.e., the same work function and ionization potential. Significant differences in grain size appear already between the films grown on the various oxides; the 6T grown on the UHV oxide [ Fig. 7(a) ] forms grains of lateral dimensions less than ϳ1000 Å. The grain facets tend to contain angles of 60°or 120°. The neighboring grains are often separated by equally spaced boundaries, but they do not coalesce in spite of a very small gap between them. The orientation of crystallites seems to be rather random with respect to the substrate surface. The 6T film grown on the native oxide [ Fig. 7(b) ] forms larger grains with rounded shape of lateral dimensions up to ϳ3000 Å. Crystal facets, if any, are not well distinguished which makes it difficult to judge if there is any preferential orientation with respect to the surface.
Atomic force microscopy
The 300 Å 6T film grown on the UHV oxide at a high deposition rate [ Fig. 7(c) ] shows a more regular morphology with large terracelike islands of irregular shape with typical step heights up to several multiples of ϳ25 Å, the length of the 6T molecule, suggesting that the film is formed by end-on oriented molecules. The film surface corrugation is smaller than that of films grown on the oxides at the low growth rate. The 6T on the clean Si͑111͒-7 ϫ 7 reconstructed surface ( Fig. 7(d) ) reveals a similar morphology. The most common step height of ϳ25 Å here also argues for a structure formed by end-on oriented molecules near parallel to the substrate normal. That growth on the more reactive Si͑111͒ substrate or that a high growth rate on the oxide surface produces a more uniform and apparently better ordered film than for low rates on the passive surfaces is against general expectations, and seems counterintuitive. Clearly, however, the low rate on the passive surfaces promotes the formation of 3D crystallites and a much poorer morphology for planar devices.
X-ray diffraction
Our XRD measurements of 200-Å-thick 6T films grown on the oxidized silicon at the low growth rate have provided no evidence for the order although polycrystalline structure of oligothiophene films evaporated on nonreactive surfaces FIG. 6 . Work function diagrams of the 6T growth on silicon-related surfaces at LNT (a) and RT (b). The empty symbols in the LNT panel (a) were taken at RT and illustrate the effect of the substrate cooling (see details in the text) and warming to RT of the films grown at LNT. In the RT panel (b), the circles, triangles, and crosses indicate the growth on the UHV, native oxide, and the Si͑111͒ 7 ϫ 7, respectively. The pentagons and stars represent the growth on the native oxide at 120°C and the growth on the UHV oxide at high deposition rate, respectively. Numbers near to the points give ionization potential values of the corresponding films. Straight dotted lines serve as guidelines only. The "parallel" and "vertical" demarcate approximate regions with the corresponding prevailing orientation of the 6T molecules, i.e., the orientation of the molecule backbone wrt the substrate surface. at RT has been reported by several groups. 7, 17, 18 The absence of diffraction reflections here does, however, not necessarily imply an amorphous structure because randomly oriented crystallites and the low scattering volume of the thin films could give the same effect.
Surprisingly, the 200-Å-thick 6T film grown at RT on the Si͑111͒-7 ϫ 7 surface and the 300-Å-thick film on the UHV oxide grown at high deposition rate have yielded diffractograms indicating ordered films. For the oxide substrate [ Fig. 8(a) ], besides the Si related feature, reflexes due to the 6T film are observed at 2 = 3.95°, 7.90°, 11.87°, 19.84°, and 23.87°. As indicated these peaks have been identified as the 200, 400, 600, 10.00, and 12.00 reflections of the so-called "low temperature phase" of crystalline sexithiophene with a monoclinic unit cell of dimensions a ϫ b ϫ c = 44.71ϫ 7.58 ϫ 6.03 Å 3 and with the monoclinic angle ␤ = 90.8°. 23 The observed reflections indicate that the 6T͑100͒ plane is parallel to the substrate. Given the crystal structure this implies that the molecules in the film are near normal to the substrate surface with a tilt angle of 25°relative to the substrate normal. Using the Scherrer formula, the peak width of the 12.00 reflection suggests an average height of crystallites of ϳ250 Å comparable to the nominal film thickness.
Servet et al. have observed both flat-on and end-on 6T orientations on (presumably oxidized) silicon depending on temperature and growth rate.
14 For the thinner 6T film ͑200 Å͒ on the clean silicon substrate [ Fig. 8(b) ] the XRD signal associated with the 6T͑100͒ orientation is visible. In addition a new feature at 22.71°is observed which can be assigned to the 020 reflection of the low temperature phase.
This crystallite orientation implies that the molecules are aligned with their long axes parallel to the substrate surface. Thus two crystal orientations, of roughly the same weight, are observed on clean Si. Given that UPS has indicated parallel molecules at the initial stages of growth and AFM suggests perpendicular molecules on the top of the film it is suggested that the 6T grows initially in the (010) orientation followed by the (100). Such changes with film thickness have also been observed for sexiphenyl 20 and sexithiophene 24 on clean metal surfaces.
IV. CONCLUDING DISCUSSION
There has been a continuing debate on band bending versus dipole formation concepts in organic material-related interfaces. [25] [26] [27] [28] [29] [30] Conflicting results and interpretations keep the question open. The built-in potential has been reported to be formed almost exclusively 26, 27 or largely 28 by the dipole at the interface, while other authors excluded the interfacial dipole and stressed the presence of the band bending in the organic films. 29, 30 This is considered here in the light of the development of the electronic energy levels schematically summarized in Figs. 9(a) and 9(b) for the growth on the UHV oxide at LNT and RT, respectively. For the latter a gradual change in the work function up to thick films is observed. As the work function measurement is an area averaged one this gradual change can be associated with 3D islanding and the late completion of the interface. For LNT growth there is an abrupt change on completion of the interface (⌬ of 0.5 eV by ϳ10 Å), a plateau region followed by a further change in to the thick film value of ϳ4 eV.
Simple calculations reveal the reasonableness of interface dipole versus band bending interpretations. To explain a ⌬ of 0.5 eV by the existence of the interfacial dipole, Gauss' law ͑⌬ =−eQ i d / r 0 ͒ yields a rough estimate of the interface charge density Q i ϳ 3 ϫ 10 13 cm −2 for a dipole layer of thickness d of 10 Å. Here, r is the relative permittivity of the film 31 and 0 is permittivity of vacuum. For flat-on lying 6T molecules (area ϳ1.6ϫ 10 −14 cm 2 ) on average each molecule displaces ϳ0.5e, which is not unrealistic.
Given organic materials have optical band gaps typically above 2 eV, much larger than the thermal energy, if band bending were to occur it must be a result of doping making them an extrinsic semiconductor. From the formula w = ͑2 r 0 / eN͒ 0.5 , a band bending of 0.5 eV in a space charge (depletion) region of w ϳ 250 Å would require a free charge carrier concentration N =10 18 cm −3 . For sexithiophene a doping level of 10 18 cm −3 corresponds to maximum free charge of ϳ͑5 ϫ 10 −4 ͒e per molecule. Such an impurity level is not likely in films grown in UHV.
Shifts in BE measured relative to the Fermi energy have often been attributed to band bending with the work function tacitly assumed constant. But, as can be seen in Fig. 9(a) , the shift in the HOMO between thin and thick films is in fact associated with an equal shift in and the IP has remained constant. A number of reasons for the change in is possible, the most mundane is the creation of defects during the photoemission experiment. For instance, bithiophene films undergo a shift of ⌬ of 0.5 eV, with a concomitant shift in the valence band spectra with respect to E F , 32 on irradiation with photons of energy greater than 30 eV. Particularly, the use of x-ray photoemission spectroscopy 26, 29, 30 for following "band bending" is problematic due to the sensitivity of organic films to x rays. Since defect formation by noninvasive He I photons seems unlikely, we believe that the common of thick films of ϳ0.4 eV, i.e., irrespective of substrate and growth temperature, reflects near vertical orientation of 6T molecules forming the film surface. Such molecule orientation in thick films grown at RT on unreactive substrates is routine in the literature and observed here for the RT-grown 6T films. Concerning the film grown at LNT, the UPS suggests parallel oriented molecules at the initial stages of growth and indicates a work function plateau of ϳ4.4 eV. It is reasonable to presume that the parallel molecule orientation induced by the clean silicon surface will be lost with increasing thickness, inducing the additional drop ⌬ ϳ 0.4 eV towards the value common for the thick films. Thus, the effect of a work function change during the film growth can be misinterpreted as the evolution of band bending.
Although the ionization potential is a fundamental molecule property and of prime relevance for device properties there is surprisingly little known of the IP of sexithiophene in its pristine solid state. The IP of the 6T in the gas phase is 7.0 eV (Ref. 22) [similar to estimated polythiophene gas phase of 6.9 eV (Ref. 33)], which would imply an IP in the solid state of 5.9 eV after correction for extra-molecular screening of 1.1 eV, common in organic solids. 21 The IP for a polycrystalline film of 6T on gold has been reported to be 4.7± 0.5 eV. 34 This value, however, is questionable because the authors have used the work function of the gold substrate instead of that of the film itself.
In this study, we have observed 6T films with two distinct ionization potentials and to a certain extent different valence band line shapes. For growth at LNT an IP of 5.7± 0.1 eV results whether measured at LNT or after warming to RT. This matches reasonably well the value of ϳ5.9 eV derived from IP of the gas phase and suggests a "frozen" gas phase. The spectral line shapes of these films are very similar to those of Salaneck et al., 15 with only HOMO and HOMO-1 being resolved, and the observed binding energy of the HOMO yields a similar ionization potential ͑ϳ5.6 eV͒ if a 4 eV work function is assumed. In contrast, irrespective of substrate, RT growth results in an IP= 5.0± 0.2 eV. In the spectra of these films the three interring nonbonding orbitals (HOMO, HOMO-1, and HOMO-2) are clearly distinguished from the major emission resulting from the six near degenerate nonbonding orbitals. Observed differences in IP can be the result of initial and/or final state differences. The former can arise from differences in conjugation as a result of varying interring angle. The latter can occur due to differences in the screening of the hole created in the photoemission process. Both can be affected by the packing in the molecular solid 21 and are to a certain extent interrelated. Packing forces can lead to a reduction in twist angle and lowering in IP. The greater conjugation in turn also results in a higher polarizability which could result in increased screening (both intramolecular and intermolecular) and an apparent decrease in IP.
While the isolated thiophene oligomers have a low barrier to interring rotation 22 the crystalline films are reported to posses the planar conformation, 13, 14, 23 although a departure from planarity has also been claimed. 35 We have recently observed a similar behavior in sexiphenyl, 10, 19 also a single linked linear chain oligomer with a torsional degree of freedom between its neighboring rings, and have associated it with the planar conformation in its crystalline form. 36 Here, two ordered sexiphenyl ͑6P͒ films with similarly different ionization potentials were observed; one type, commonly presented in the literature, was formed by planar 6P mol-FIG. 9. Schematic energy level diagrams for 6T films deposited on the UHV oxide at LNT (a) and RT (b) constructed from UPS data. The (vertical) energy coordinate is at a scale (in eV units), while the (horizontal) film thickness coordinate gives a leading scheme only. The 6T film growing direction points towards right. The 6T thickness indicated in the diagrams corresponds to the nominal 6T thickness. The E vac and E val stand for vacuum level and valence band, respectively. The position of the top of the oxide valence band was estimated from a leading edge of the UPS spectra in the Si 3p region. The bottom of every panel includes schematic diagrams depicting the prevailing trends in molecule orientation and order.
ecules while the second consisted of 6P molecules, in a crystalline structure at RT, which retained their twist angle and gas phase IP. 10 Although the flexible torsional angle intuitively suggests that films made of twisted molecules would suffer from an inferior order, light-emitting efficiency can benefit from reduced excitonic coupling which occurs between the cofacially interacting molecules. 37 The most significant point here is, however, that molecules such as 6T and 6P should not be considered rigid rodlike molecules and it must be recognized that the substrate and growth conditions can lead to films of significantly different electronic structure.
As the electronic structure, the issues of morphology, crystallinity, and grain size are important factors for thin film organic devices. It is generally considered that low growth rates, high growth temperature, and the passivation of substrate to enhance mobility should improve crystallinity. The results obtained here suggest that the opposite can be true. On the reactive clean Si surface, where molecular mobility is low at the initial stages of growth, smooth crystalline films result. On the oxide surface at RT for high growth rates relatively uniform crystalline films were produced, whereas for low growth rate films with small grains and no detectable long-range order resulted. For the latter, high mobility near thermodynamic equilibrium has favored 3D growth, which in combination with a high nucleation density on SiO 2 11, 38 results in a poor morphology.
V. SUMMARY
The evolution of the electronic levels during sexithiophene growth has been followed by valence band photoemission, and the morphology and structure of the resultant films have been investigated by atomic force microscopy and x-ray diffraction. Variations of work function and binding energy wrt Fermi level with thickness have been considered in terms of dipole formation and band bending and the latter is concluded unlikely. The work function of final thick films was found to be independent of the substrate and was associated with upright oriented 6T molecules forming the films' outer surface. Depending on growth conditions two electronically distinct 6T films, with ionization potential differing by ϳ0.7 eV, can be formed. This has been associated with differences in conjugation length suggesting distinct molecular packing and conformation in the films. Finally, we stress that the substrate and growth conditions for molecules, which are not rigid, can have a profound influence on the electronic structure of the films.
